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ANATYTICAL INVESTIGATION OF REDUCTION IN TURBULENT
SKTN FRICTION ON A FLAT PLATE BY MEANS OF
ATR INJECTION THROUGH DISCRETE SLOTS

By K. R. Czarnecki
Langley Research Center

SUMMARY

An analytical investigation based on a number of simplifying assumptions
has been made of the possibilities of reduction in compressible turbulent skin
friction on a flat plate by means of low-energy air injection through discrete
slots. The analysis is based on the combination of the momentum losses in the
boundary-layer and injection-air flows, and employs the Sommer and Short ref-
erence temperature method for estimating boundary-layer skin friction.

The results of the analysls indicate that the greatest theoretical reduc-
tlons in skin frictlion occurred at the lowest injection-air pressure recovery
factors defined as the fraction of free-stream dynamic pressure energy still
preserved in the injection engine or bleed alr after entrance losses, and thus
at the lowest air injection velocities. For the optimum set of conditions con-
sidered in the analysls, the maximum reduction in skin friction at a Mach num-
ber of 3 was about 24 percent at a recovery factor of 0.005. For an antici-
pated pressure recovery range of 0.25 to 0.50, the calculated reduction in skin
friction with the remeining conditions being held constant was on the order of
10 to 5 percent. In general, increases in free-stream Mach number, increases
in free-stream Reynolds number per foot, internal heating of the bleed air, and
movement of the injection slot downstream from the leading edge led to decreases
in the available reductions in skin friction; whereas, internal cooling of the
bleed air, increases in chord length at constant injection mass flow, and
increases in injection-air mass flow resulted in increases in the amount of
reduction in skin friction that is possible. Pressure losses in injection-alr
ducting rapidly negated the favorable effects of air injection.

INTRODUCTION

The successful development of a long-range supersonic transport airplane
is critically dependent upon the attainment of reasonably high lift-drag ratios.
Inasmuch as boundary-layer skin friction constitutes a substantial portion of
the overall drag of an airplane of efficient design, one method of obtaining
the desired ratios is to reduce the skin friction of the turbulent boundary



layer, which covers most of the airplane surfaces, to values below those nor-
mally found on a smooth surface. This reduction can be accomplished by the
injection of low-energy alr into the boundary layer. Engine bleed air or spent
cabin air could serve as a source of this low-energy air.

Two possible methods of injecting air into the boundary layer are generally
being considered. In the first method, air is injected continuously over the
complete area of interest through a porous surface. Reduction in skin friction
in this approach is achieved primarily by an alteration or distortion of the
boundary-layer profile such that the velocity gradient perpendicular to the
surface, which is a direct measure of the local skin friction, is reduced. A
further, but smaller, decrease in skin friction results from the forced thick-
ening of the boundary layer, inasmuch as thicker boundary leyers of the same
basic profile also cause a decrease in the absolute boundary-layer velocity
gradients. In the second method, low~energy air is injected into the boundary
layer by means of discrete slots, and reduction in skin friction is realized
primarily from the forced thickening of the boundary layer. This forced thick-
ening is usually initiated close to the origin of the turbulent boundary layer.

The method of injection through porous surfaces is aerodynamically more
efficient (if the pressure losses through the porous surface are excluded) and
has been studied in considerable detail (see refs. 1 to 5, for example). How-
ever, the method poses prodigious design problems for adaptation to practical
use because porous skins tend to be weak and brittle, have high resistance to
ailr flows, and clog very easily, and because of the difficulty of attaining
access to large areas of surface with the air on the usual airplane. The
discrete-slot technique, on the other hand, although aerodynamically less effi-
cilent, has no clogging problem and is more readily amenable to practical design.
Little has been done, however, to investigate the potential gains from the lat-
ter type of approach. The present analytical lnvestigation was undertsken to
fulfill the need for information in this area and to serve as a guide for
experimental research.

The basic objectives of this investigation were to determine the magnitudes
of skin-friction reduction that might be possible with low-energy alr injection
by discrete slots and to relate the reductions to slot location, injection-air
mass flow, engine bleed alr pressure recovery, chord length, and heat transfer
for a range of Mach numbers and Reynolds numbers. Effects of ducting pressure
losses on the efficliency of this method of skin-friction reduction were also

studied.

The analysis is based on the combination of the momentum losses in the
boundary-layer and injJection-air mass flows, and employs the Sommer and Short
reference temperature method for estimating boundary-layer skin friction. (See
ref. 6.)



SYMBOLS

Dimensional:

a speed of sound

c chord length of basic flat plate

Cp specific heat of air at constant pressure

1 leading edge

ls distance from leadling edge to slot

ls! fictitious distance from leading edge to slot after inclusion of
effects of air injection

m mass flow of air

me mass flow of air injected through slot per unit span, peuew

I, reference mass flow of air, p u,c

P pressure (static pressure when used without subscript t)

2 M2
q dynamic pressure, 5 M
R perfect gas constant
poouoo

Rey free-stream Reynolds number per foot,

S Sutherland gas constant

8 slot location

s! effective slot location

ss' fletitious increase 1n length of boundary layer or displacement
distance resulting from air injection

s't! fictitious distance from slot to trailing edge of flat plate after
inclusion of effects of alr injection

T absolute temperature (static temperature when used without
subseript +t)

T

o0

T* 2 Ty
reference temperature i = 1+ 0.035M, + 0.45 T 1
00



tl

p

trailing edge

effective trailing edge

velocity parallel to surface in stream direction
width of injection-air slot

longitudinal distance along surface from leading edge

ratio of specific heat at constant pressure to specific heat at
constant volume

total boundary-layer thickness

pu

o}
boundary-layer displacement thickness, Jf - —|dy
0 P Yoo

5
boundary-layer momentum thickness, d[\ .lﬂi.( - lL)dy
0 Pyl U

absolute viscosity of air

absolute viscosity of alr at reference temperature;
o (m VP + s
Hoo Too T' + 8

mass density of air

Dimensionless parameters:

A

Cp

Reynolds number transfer parameter,

1+
T p.l
()
total drag coefficient,

Friction drag + Drag due to ducting pressure losses
QX

Friction drag
q. X

average skin-friction coefficient,

reduction in total drag parameter (defined by eq. (47))

reduction in skin-friction parameter (defined by eq. (11))



*
H boundary-layer shape parameter, %—-
ls .
e slot-location ratio
M Mach number, u/a, or u
V;R'I‘
Me
— mass-flow ratio
Ty,
* me/ My,
m mass-flow parameter,
w?c
b'd

Ry Reynolds number, Peo'lon

Pg,e ~ Poo
r pressure recovery factor, —————

P - Py

t,w
—s—i—'- displacement distance parameter
Ty e
—2 injection-air temperature ratio
T‘t,oo
Ef injection~-air or exit veloclty ratio
¥ slot-width to chord ratio
LB g

c incremental boundary-layer momentum thickness ratio
LBggt
o* incremental boundary-layer momentum thickness parameter, +
w/c
a'S)
or —s8'
W

Subscripts:
bl boundary layer
d including effects of injection air-ducting pressure losses
e located at slot exit
e,d located at slot exit but including effects of ducting pressure losses
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ls from leading edge to slot location

ls' from leading edge to fictitious slot locatien after inclusion of
effects of air injection

1t from leading to trailing edge of basic flat plate

! from leading edge to fictitious trailing edge of flat plate after
inclusion of effects of air injection

Me Mach number at exit of slot

max maximum

s located just shead of slot

s! located just behind slot

ss' increment due to injection of air

stt! from slot to fictitious trailing edge of flat plate after inclusion
of effects of air injection

t stagnation

t,e stagnation in injection-air flow

t,0 stagnation in free-stream flow

w wall

e;ax conditions for which 0% 1s maximum

© free stream

35 chord of 35 feet

A bar over a symbol denotes quantities to be computed with the aid of a
modified wall temperature.

ANATLYSIS

Equation for Reduction of Skin Friction

If low-energy air is injected into a turbulent boundary layer, it will mix
with the boundary layer and increase the boundary-layer thickness. If the
boundary-layer profile is not distorted, the increased thickness will reduce the
velocity gradients through the boundary layer perpendicular to the surface and,
because the magnitude of the velocity gradient at the surface is a direct indi-
cator of the local skin friction, the boundary-layer skin friction will be
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reduced. If the air injection is sufficiently close to the wing or body leading
edge and is achleved without the creation of undue flow disturbances, then rela-
tively large segments of the airplane surfaces can be sheathed in this thick-
ened boundary-layer flow and significant reductions in skin-friction drag may
be reallzed.

In order to simplify the analysis the following assumptions are made:
(1) The flow is two dimensional

(2) The boundary layer is on a sharp-edged flat plate, and the pressure
2
gradient in the flow direction is zero

(3) Turbulent boundary-layer flow originates at the plate leading edge

(&) Air is injected into the boundary layer through a discrete slot having
a width sufficiently narrow relative to the flat-plate chord so that
the loss in surface area represented by the slot can be neglected

(5) Air is injected into the boundary layer in a direction parallel to the
free stream

(6) Boundary-layer-air and injection-air mixing is rapid, and the new
thickened boundary layer assumes its new equilibrium velocity pro-
file immediately upon air injection

(7) Air injection can be accomplished without the creation of undue
external flow disturbances.

The starting point of the analysis is the well-known relationship between
the boundary-layer average skin-friction coefficient Cp and the boundary-

layer momentum thickness 6 in two-dimensional flat-plate flow expressed by

For the case where there is no alr injection, the momentum thickness will grow
proportionally approximately as the four-fifths power of the distance from the
plate leading edge as illustrated in the upper part of figure 1. When low-
energy air injectlion is present, the momentum thickness will increase abruptly
at the point of injection and then the momentum thickness will resume its nor-
mal rate of increase as indicated in the lower part of figure 1. Because of
the increased boundary-layer thickness, the normal rate of increase is now
slower than it is without air injection, and the skin friction to the rear of
the slot location is decreased.

For the case where the enthalpy or stagnation temperature of the injected
alr is equal to that of the free stream, as will be the situation where there
is no heat transfer and where engine bleed air is not used for any purpose other
than inJection into the boundary layer, there will be no change in the ratio of
surface temperature to free-stream temperature behind the slot involving heat
transfer, and the method of estimating the reduction in skin friction becomes



readily apparent. In effect, the rate of momentum thickness increase behind
the slot can now be equated to that of a boundary layer of equal thickness dis-
placed downstream of the slot location by a distance ss' on a flat plate
whose chord has also been extended by the distance ss'. The lncrease in momen-
tum thickness 20,4 induced by the air injection is not chargeable to skin

friction. Counsequently, the skin friction on the flat plate with alr injection
(lower part of fig. 1) is now equivalent to the skin friction existing on the
fictitious extended plate (upper part of fig. 1) in the regions 1s and s't'.

In equation form, the increment in skin-friction reduction resulting from
alr injection can be expressed as

_ c +ss8'") _ ls + ss' léﬂ
ACy - CFZt [%Flt'c__?ZifJA_gFls'< c ) +‘CFZS(c (2)
Cr,y CFit
or
c
ACp _ th|<c + ssv) _ CFZs'(ZS + SS') + CFZS<L§.) -1 (3)
c c C ¢
Frp CFyp “Fig "1

where the increment has been normalized by the skin friction existing on the
flat plate before injection, and the sign convention has been adopted in which
a negative increment represents a reduction in skin friction and & positive
increment an increase. With the aid of equation (1) it is established that

= .2 (18
CFygr = 55-'(_2" Crig ¥+ Aess') (4)

Substitution of equation (4) into equation (3) gives, after some manipulation,

c

AC Fopo pa¥:)

— = (1+Sg')c ATl (5)
Fig Fi1t Fit

For the case where the enthalpy or stagnation temperature of the injection
air is not identical to that of the free stream, as will be true in installa-
tions where the engine bleed air is first used for engine accessory or cabin
cooling before inJjection into the boundary layer or where spent cabin air is
utilized, there is an additional change in skin friction downstream of the slot
that cannot be incorporated into equation (5) without some qualifications.

This is the change in skin friction resulting from the relative change in heat-
transfer potential in this area. This additional heat-transfer effect can be
approximated by the use of a modified wall temperature (to be discussed in a
later section) that is applied to the complete length of the fictitious extended
plate. In order to make the application, it is necessary to extend or contract
the distance from plate leading edge to slot location 1s by a correction




distance Als, so that the momentum thickness Just ahead of the slot is not
changed by the addition or subtraction of heat energy in the new calculations.

In equation form the change in skin friction in the area of s't'
resulting from the differences in injection-air and free-stream stagnation tem-
peratures can be expressed as

AC C C
Ty - FZt'(c + ss') _ FZs'(Zs + ss')
c c
Fu F1 Fa
c —_— - c —_—
. Fige (94. Als + ss'> _ Fzs{ﬁ + sgl) (6)
Cryq \ ¢ Orpp\ ©

where the minus sign 1s applied to the increment to fit within the previously
adopted sign convention for positive and negative reduction in skin frictionm.
The barred quantities denote values computed with the aid of the new or modified
wall temperature; those without bars are determined for conditions of equal
stagnation temperatures for injection-air and free-stream flow. The correction

distance Als can be found with the aid of equation (1) as follows:

1sCy, = (18 + Azs)chs (1)
and
- F
Als = 1s|—t5. - 1 (8)
CFZS

where all the quantities on the right-hand side of equation (8) are known or
are calculable. With the use of equation (4) and its counterpart for the case
of the unequal stagnation temperatures, along with the utilization of equa-
tion (7), equation (6) is converted to

g . Gl L — . —\ 5o
Fgigr _ Cth'/g + Als + ss'> _ Cth‘(c + ss'> _ 2 (Aess' Aess'> (9)

EE © Py N © Cryg\ © ¢

Addition of equations (5) and (9) gilves

OCp + AC C TS sav
F AR F”"<1 +BL8 S?) -2l o)
CFyt Pt Fie ©
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In equation (10) the quantity

transfer or Reynolds number effects (as will be developed subsequently), and

~al
58 _ is independent of any external heat-

ACg ACF_1p1
the two increments and ———— can be determined 1n combination in a
°Fit Fy

single step by the proper management of the other pertinent quantities. Equa-
tion (10), therefore, can be simplified to

C —_—

AC F 20

Fo_ “"'(1+Azs+sz'>- 02 25' -1 (11)
Fiy Cth Fit

where the bars have been dropped for convenience from all quantities except
those on the right-hand side of the equation which must be computed with the

FaTS B
aid of the new or modified wall temperature. The quantity 58 , of course,
T
must be computed for the proper value of t’e. For equal stagnation tempera-
t,

tures é%i = 0, and equation (11) reverts to equation (5).

Ja's
Determination of ———

ss'!

The quantity of prime importance in equations (5) and (11) is ,

because it is related directly to the problems of air injection or reduction in
skin friction. This quantity is found by the use of the basic definitlion for
the boundary-layer momentum thickness in two-dimensional compressible flow

te)
1h3 u
o= [ - Sy (12)
0

The increase in boundary-layer momentum thickness caused by air injection is
found by subtracting the momentum thickness Jjust shead of the slot from that

Just behind the slot after injection

0 8y = 29 —fas' pu(l 2 g fas pu(l = \a (13)
T e e I - ) L

o0

With the use of the theorems of conservation of mass and of momentum, along with
the use of the definition

10




uw
e pe e

S="ee (14)
O P U,C
equation (13) converts into
JaTS m u
S8 _ _€f7 . &
se' - Zefy - te) (15)

In order to find an expresslon for ue/um in terms of some readily known
basic quantities, equation (14) is solved. for

Ue _ Te/Mo Po _ 4 Pw (16)
Y  w/ec Pg Pe

where

o = %7/? (17)

If the assumption is made that the statlic pressure in the slot exit is equal
to free-stream static pressure (that is, pe = D), then the thermal equation

of state indicates

Poo Te
L - 18
Pe  To (18)

In general, T, will not be known directly but can be found readily from the
energy edquation

Te =Ty o - — (19)

if the stagnation temperature Ty ¢ ©of the injected air is known. For flight
)

conditions T, will usually be one of the basic known quantities. Substitution
of equations (18) and (19) into equation (16) gives the eguation

2
Ye « Tt,e y -1 2<ue>
U |:T°° 2 %\ (20)

Equation (20) is a quadratic, and its solution by the usual method yields

11



E ) e "
o)

because only the plus sign for the radical has any physical meaning. Introduc-
tion of equation (21) into equation (15) produces the desired equation

SRR e N e
2(F5+n?) -
2
where
DB
x cs Aess'
o¥* = e v (23)

and where all quantities on the right-hand side of the expression are known or
are readily calculable. For wind-tunnel usage the equation is converted to

o
o* = m* + = 1- 1+ w222 M¢é> 1+ LIy B e (o)
<7 -1 2> 2 2 Tt o
2l—— M, ’
2
For M_ = O, equations (22) and (24) reduce to
T
o* = w*(1 - w¥ S22 (25)
Tt o

Determination of Skin-Friction Coefficients

The calculations for the reduction in skin friction due to air injection
can be accomplished, of course, with the use of any one of the theories avail-
able for the turbulent boundary layer. Most recent studies have tended to favor
the use of one of the so-called T' or reference temperature methods. (For
example, see ref. T7.) In this investigation the T' method of Sommer and Short
(ref. 6), utilizing Schlichting's simplification of the Kdrman-Schoenherr

incompressible-flow curve, is used.

In the method chosen, the skin-frictlon coefficient in compressible flow
is given by

12 ,



T, -2.6
Cp = 0.46 ET(lOglOA + log oRey + loglox) : - (26)

where for convenience the Reynolds number R, has been divided into its com-
ponents Rpy and X.

In order to apply equation (26) to equations (5) and (11), the x in equa-
tion (26) must be replaced by the proper length. Thus, to find Cth the equa-

tion is modified to

T -2.6
Cryy = 0.46 ET(loglOA + logjoRpy + logloc) (27
To find Cp,,, equation (26) is converted to
_ -2.6
— To
Cpypr = O.h6(5—>[%oglOA + Llog, Roy + loglo(c + Als + s8 Zl (28)

T
wherein the effects of EELE # 1 can be incorporated by the use of a modified
t,
wall temperature T,. Thus, with the aid of equations (4) and (26) an expres-
sion relating ss' with 64,' 1is obtained, which is

— -2.6
Bss' ls AZS ss' |\ Te - -,
— = O.25<E--+ = —?T‘ E— [;ogloA + loglOth + loglO(Zs + Als + ssv)
. - — -2.6
S Als
_0.23<?? + )(T >[é0glOA + log) Rey + loglo(ls + Als) (29)

___ Before equation (29) can be utilized, methods for establishing the term
Als and the fictitious or modified wall temperature must be devised. With the
help of equations (8) and (26) the relation required to determine Als is
found to be

_ 2.6
(Tﬁ) log, A + log, R, + log,,(is + Als)

_ T /|~%810 €10 rt €10

Als = 1s ) 2L -1 (30)
(Tw) logloA + lOglOth + logjgls

Tt

Unfortunately, equation (30) cannot be solved for Als s__explicitly. The best
procedure is to insert a set of arbitrary values of Als in the equation and

13



—

T —_—
solve for the corresponding values of (Jé). A plot is made of Als as a
T! .

T A —_—
function of (J%>, and then used to pick values of Als for known values
T

T
The term (—E) is derived from the .reference temperature equation (ref. 6)

]

H

=1 + 0.035M .2 + o.uscgﬁ - 1) (31)

o

with the use of a modified T (or TW). In veiw of the many simplifying
assumptions already incorporated into the theory, a relatively crude but simple

method of estimating the term (E§) was used. The assumption was made that the
T

average wall temperatures behind the injection slot could be determined from the

relative mass flows in the boundary layer and injection slots and their corre-

sponding stagnation temperatures as indicated in the following equation:

it + o Thie
— Wbl v e
2

M1 * oy

Ty =

(32)

In eguation (32) Ty 1is the surface temperature that would exist in the absence
of air injection, o4 is the average value of the mass flow in the boundary

layer between the slot and the plate trailing edge without injection, and m,

is the mass flow through the slot. Application to equation (32) of equations (1)
and (26) along with the definitions

Pl B %
S STl B (33)
pooucoc oo ¢
% : .
m=S f : (34)

leads to

1k




== (35)

The value of the boundary-layer shape parameter H can be determined as a
function of free-stream Mach number in reference 8.

ss'! ss'!

Inspection of equation (29) at this point reveals that or e can-

not be found explicitly. A procedure similar to that for finding Als must be
adopted.

Pressure Recovery Factor

One of the most desirable, and probably essential, features of an efficient
ailr-injection system for an airplane is that the desired injection-air mass flows
and velocities be attained without the use of auxiliary devices other than a
throttle. Thus, it becomes desirable to relate the injection mass flows and
velocities to the ram or recovery pressure that might be available in the engine
bleed or spent cabin air. This relationship is accomplished by first converting
equation (16) with the aid of the thermal equation of state to (pe = p, being

assumed)

H

Ue _ _x e
u—:-m Toeo (36)

With the use of the energy equation (eq. (19)), equation (36) is reduced to

Ue _ Tt,e - Te

Yo Tgm - T (57

Substitution of equation (37) in equation (15) results in

AP - EE 1 - Tt,e - Te (38)
c My, Tt,m - T,

Inasmuch as pe = p,, it can be established that

15



7-1

7
;ﬁ - Ztyef Pt (39)
o Tt w\Pt,e

and, hence, elimination of temperature ratios ylelds

7-1

e* - m* _ ___l__-_ (l + 7y - 1 Mm2)(Pt,e> -1 ()_‘_0)
Yy - 1 %2 2 Pt,oo
2

Equation (L40) is compatible with equation (2L4) only for equal values of o*
or m*. Furthermore, because the ram pressure of the bleed air must satisfy

the condition
Po < Pg e < Pt o

as a result of the basic assumptions inherent in the analysis (and pressure of
the cabin air, too, for practical reasons), 1t is possible to introduce a
recovery factor r defined by

r = 2tpe ” P (41)
pt,m - Em

Consequently, equating the right-hand parts of equations (2L4) and (L40), along
with the use of equation (41), yields

y-1

r-1ly2 - -
. r(l + M, ) rAt_}-____“<_-m—— (ue)

R e

which is an expression relating the mass flow parameter m* to the recovery

=
I
[ Lo

Aess'

factor r. An expresslon relating to r is also possible, but has not

DDt
is only a secondary variable.

been derived here because

16



Effect of Ducting Pressure Losses

In the actual application of a bleed air injection system there is a strong
probability that ducting pressure losses will be incurred above and beyond those
encountered in the normal manner of ejecting engine bleed or cabin air. These
ducting pressure losses will reduce the velocity (but not mass flow if the
proper adjustments are made to the slot width) and, hence, flow momentum at the
slot exit. The reduced flow momentum represents an increment in drag that
counteracts the favorable effects of low-energy air injection on skin friction.
In equation form this increment in drag can be expressed as

- PelleV(Ue - ue,d)

AC
Dg q.c

(43)

where ue 1s the exit velocity without ducting losses and ue g 1s the exit

velocity with ducting losses included. With the use of equation (14) the drag
increment is converted to

_ ~ DefUe UYe,g
Acp, = 2 nI(Z ; —u,%) (k)

With the use of equations (15), (17), and (23), equation (44) is transformed

into
_ Aessx) A p
ACDd = 2[( o a - c (’4‘5)

or, the usually more convenient form

ACp. = 2 mﬁ(E _ ﬂ) . (L6)

At the same time that ducting pressure losses reduce slot exit velocitiles

Ot
and momentum they will also have an effect on S5

This effect is readily
Ja'

included in the calculations by using ( )d in equations (5) and (11)

JaY: JIE
instead of —25_. Thus, in the final form, with ducting pressure losses
c

included, the overall reductions in drag (combined effects of reductions in
skin friction and losses in exit momentum) can be expressed as (from eq. (11))

17



_ AC
AC —_— NBgst D
b _ 15 '(“&J,_sg'_)_g ss') . _Pa_ (47)
1t (¢ C c a CFZt

where the subscript on the bracket signifies that all quantities within the
DOt
S8

brackets are to be based on < ) . If equation (45) is substituted in equa-
d

tion (47) the result is

NC N~ | =oT Jas}
C—D=ai—[Cthv(“A§S+s—§'—)] f e o1 (48)
Fit Fi a Fit
Aesst
where the quantities within the brackets are again based on = .
d

RESULTS AND DISCUSSION

Incremental Boundary-Layer Momentum Thickness Parameter

General characteristics.- Inspection of equation (24) indicates that the
incremental boundary-layer momentum thickness parameter 6% is solely a func-

tion of the three variables m¥, My, and EELE. Consequently, in figures 2
Tt,m

to 8 are presented some typical plots of the incremental boundary-layer momentum

thickness parameter 6% as a function of the injection-air mass-flow param-

T
eter m* for various values of M, and “te, Figures 2 to 6 are intended
Tt,w
primarily to show the connection of the two parameters 6% and w* with the
pressure recovery factors r that are required to establish these flow charac-
teristics in the absence of any auxiliary devices such as compressors or flow
throttles. Figures 7 and 8 were prepared to show a clearer and more comprehen-
sive picture of the general situation and to stress the effects of M, and

the.
Tt o
Tt e
Results indicate that, for - 2~ =1.0 (figs. 2, 3, 4, and 7), 6% is 0O
t,n

when wm* 1is O, increases to some maximum value, and then decreases to zero

18



when m¥ = 1. The physical interpretations are that there cannot be any
increase in boundary-layer momentum thickness when there is no air injection
and when the air is injected at stream velocity (m* = 1). From the definition
of 6% in equation (23)

FAY: PR
— _ JAS: P

* =__C
® w/e W

it is apparent that there is a maximum value of boundary-layer momentum thick-
ness increase AM9gg' that can be attained for a particular slot width at con-
stant Mach number. This maximum occurs at

(w) , =2 s (49)

For values of m* below those for o the mass flows through the slot are

x
max’
too low for maximim efficiency, and for values of m¥ above those for e;ax
the injection velocitles are too high.

T
The effects of increasing Mach number at _tie o 1 are to decrease 0%
t 00
and hence to tend to lower the efficiency of the low-energy air-injection scheme
over the full range of the mass-flow parameter but with increasing degree at the
higher values of m*. (See fig. 7.) Consequently, eﬁax occurs at lower

values of m* (a desirable trend) at the high values of M,- The Mach number
effect of decreasing 6% "is attributable to the fact that at constant m* <the
exit velocity ratio ue/uw must be increased to compensate for the decreased

density of the injection air at the higher Mach numbers. Much more could be
said about the general characteristics of o , but in subsequent discussions

the importance of this parameter is severely downgraded and these additional
characteristics become of little or no practical significance.

Included in figure 7 is a curve demarking the zones between subsonic and
supersonic injection or exit velocities. This boundary is found by substituting
the recovery factor required for sonic injection velocity

7

(1+7‘1)7-l-1
(y o = — =L —— (50)
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into equation (42) and by using the resulting value of (m*)Me=l in
equation (2k).

The boundary for sonic slot exit or injection velocity (fig. 7) indicates
that as M, Increases subsonic exit velocities will be achieved at progres-

slvely lower values of the mass-flow parameter m*. Above a Mach number of
about 2.2, it is impossible to attain the maximum theoretical boundary-layer
thickening (e;ax) with subsonic injection velocities.

T
The effects of changes in the injection-alr temperature ratio EELE on 0%
t,0

T
at M, =35 can be deduced from figures 3, 5, 6, and 8. A decrease in “te
t,

causes an increase in 6%, the effect increasing in magnitude as m* increases.

T
Increases in EELE’ on the other hand, which are usually more readily attainable
t,o

than decreases, have reversed effects. Finally, decreases in ;ELE induce the
1,0
largest improvemerits in ©% at the highest pressure recovery factors. (Compare
figs. 3, 5, and 6.) Increases have their most detrimental effect in this
recovery factor range. These trends derive directly from the fact that low-
temperature alr injected into a boundary layer of higher than average tempera-
ture at constant m* will require lower exit-velocity ratios to counterbalance
the increased injection-alr densities.

8* as a function of ue/um.— In the design of inJjection slots, it 1s gen-

erally desirable to know the exit or injection velocity. Consequently, fig-
ures 9 and 410 have been prepared to illustrate 6* as a function of u.e/um for

the same general conditions of Mach number and injection-alr temperature ratio
as were shown in figures 7 and 8.

In general, the same conclusions inferred from figures 7 and 8 for the Mach
number and temperature-ratio effects in terms of mass-flow ratios m* are
derived from figures 9 and 10 for the effects in terms of the injection-velocity

ratio ue/uw. In addition, however, figure 9 displays the fact that at EEAE =1
t,00

the optimum value of 6% occurs at increasing values of ugfu, as contrasted

with decreasing values of m* (fig. 7), as M, increases. This reversal is

readily explained on the basis of the increased exit-velocity ratios required to

compensate for the decreased densities and which override effects of the dimin-

ished mass-flow ratios.
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T
At constant Mach number (fig. 10) a decrease in _t.e increases 6% and

Tt,m
* . Ty,e
moves © to higher values of u /um. Conversely, an increase in —2—
max € Ttoo
’
decreases 6* and moves 6 to lower values of ue/uw. These trends are in

agreement with the requisites that at constant ugfu, increases in exit-flow
temperature ratios be counteracted by decreases in mass-flow ratios. As is to
be expected from the effects of temperature on the speed of sound, an increase

T

in —t,e causes sonic exit velocity to occur at higher values of the velocity
Tt,m

ratio ue[uy-

Pressure Recovery Factor

Up to this point the pressure recovery factor r has been brought into
the discussion several times but only in a general manner. 1t appears desirable
at this point to examine the role of r in somewhat more detail. Accordingly,

/T
r has been presented as a function of the parameter m* t.e (derived from
t,00

eq. (42)) in Pigure 11.

The results of figure 11 indicate that r decreases rapidly with a

decrease in the parameter m* TEJEH The rate of decrease 1s largest for the
Tt,m

highest Mach numbers. Probably the most noteworthy feature of this plot is the
fact that very low recovery factors must be utilized to obtailn the lower injec-
tion mass-flow ratios, particularly at the higher values of M,. This trend
results from the fact that as the pressure differential between bleed-air inlet
and exit is reduced to establish the smaller mass-flow ratios, the conversion
of free-stream kinetic energy to heat decreases the density of the exit flow
and tends to increase ue/um, and thus requires a still further decrease in the
pressure differential to attain the desired m*. This effect increases rapidly
in potency as M, increases owing to the sharp rise in stagnation pressures.

Reductions in Skin-Friction Parameter
The ultimate objective of this investigation was to determine the possible

AC
reductions in the skin-friction parameter F

as a function of the pressure
Fi¢

recovery factor r. Such an approach insures the compatibllity of the variables

involved and limits the analysis to physical flows attainable without the use
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of throttles or some type of pump. Results of the theoretical calculations are

OO
presented in two ways. In figures 12 to 18, E—EL- is presented ag a function

F
it
of r, each one of the significant variables being used as a parasmeter while
AC
the others are being held constant. In figures 19 to 25 E-EL- is presented as
F
it

a function of each one of the variables, the others being held constant but with
r always as the varying parameter.

The results of figures 12 to 25 indicate that the greatest reductions in
skin friction are obtained always at the lowest recovery factors and that the
rate of reduction generally strongly increases as r decreases. This result
means that the greatest reductions in skin friction will be obtained with the
lowest possible injection velocities and widest slots and that e;ax is not a

parameter of any great significance. At & supersonic Mach number of 3, for the
limited range of parameters studied in this investigation, the largest reduction

ACp
in that was calculated was on the order of 0.24 (or 24 percent) and this

Fi¢

value occurred for a slot located at 5 percent of the chord (%? = 0.05), for a
mass-flow ratio of 0.002 and for a recovery factor of only 0.005 (fig. 15).
For a more reasonable and anticipated bleed-air pressure-recovery range of 0.25
to 0.50, the reduction in skin friction is on the order of 10 to 5 percent
(figs. 15 and 22). For an application restricted to reduction of skin friction
on an engine nacelle only the mass-flow ratios can be higher than those inves-
tlgated herein, and the theoretical nacelle skin-friction reductions may be
higher than those guoted previously.

ACp

Fit

in the range of recovery factors that probably will be encountered in actual
service. (See figs. 12 and 19.) This trend derives from the aforementioned
fact that conversion of free-stream kinetic energy into heat in the pressure-
loss phase of the bleed-air flow will decrease the density of the inJjected air
and require higher injection velocitles at constant mass flow, which in turn
will increase the momentum of the injected air and hence lower the efficiency
of this air-injection scheme.

The effects of increasing M, at constant r are to reduce sharply

AC
Increasing R, decreases the value of F slightly. (See figs. 13
Cr
1t
and 20.) It may be noted that the Reynolds numbers were chosen to correspond

to those for a wing having an average chord of 35 feet, such as might be of
interest for a supersonic transport operating at unit Reynolds numbers of 0.5,

1.5, 3.0, and 5.0.
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Changes in injection-air temperature ratio have a powerful effect on the
skin-friction reduction (figs. 14 and 21) and lead to consideration of spent
cabin air (which is apt to be relatively cool) for injection if sufficient gquan-
tities of such air are avallable. The physical basis for the effects of changes

T
in Tt,e on the momentum thickness parameter 6%, which is the main variable
t,t
involved in producing the trends, has been discussed previously.

Installation of the injection slot as close to the leading edge as possible
is important for skin-friction reduction (figs. 15 and 22) although such an
installation may often lead to structural and wave-drag problems which may tend
to counteract the favorable effect of air injection.

Increasing the chord length has a small favorable effect on reduction in
skin-friction parameter (figs. 16 and 23), but it should be noted that this
comparison involves a change in injection-air mass flow (even though the mass-
flow ratio me/muo is constant). Increasing the chord at constant absolute

ACp
Fit

mass flow (figs. 17 and 24) generally results in large decreases in as

expected.

Finally, but most significantly, decreases in the mass-flow ratio me/muo

lead to substantial decreases in the possible reductions in skin friction. (See
figs. 18 and 25.) A reduction of mg/m, to 0.00l will provide reductions in
skin friction only on the order of 6 to 2 percent for the pressure recovery
factor range of 0.25 to 0.50 even for the most forward slot location (data not
shown) at Mach number 3. This mass-flow ratio is probably a substantially more
realistic value of available engine bleed air than the value of 0.002 used in
most of the calculations if air injection is to be applied to a complete wing.
On the other hand, if air injection is restricted to an engine nacelle the
mass-flow ratios can be higher than those considered herein, and the reductions
in nacelle skin friction may be higher than those quoted for the largest values
of me/m°° investigated. There would be no improvement, however, in terms of

complete airplane drag.

Effects of Ducting Pressure Losses

The effects of ducting pressure losses on the drag reduction parameter

NC
D (where the momentum in the engine bleed-alr flow at the injection slot is
Cr

it ]
assumed to be fully recoverable) have been calculated for a few specific cases
and the results are presented in figures 26 to 32. In these figures the dashed
line represents the reduction in drag that is possible without ducting losses
and the solld line represents the reduction in drag that is obtained with ducting
losses.
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The solid lines in these figures are interpreted as follows: 1If the pres-
sure recovery factor for a specific set of conditions (fig. 30) is 0.455 and

AC
the slot width is 0.00230, then the value of 5—9— for no ducting losses is

Fit
Ay  ACp
slightly more than -0.08 [and ——— = ——— ). If there are ducting pressure
Fiy Ot

losses, then the same mass flow through the injection slot can be maintained
only by increasing the recovery factor of the bleed air by the amount of the
pressure losses. The resultant loss in momentum in the bleed-air flow counter-
acts the favorable effects of the reductions in skin friction and the overall

is

reduction in drag represented by the increment in drag parameter g
F
it

decreased. Thus, at r = 0.60 the ducting pressure losses are found to be

AC
is only sbout

equal to an increment in r of -0.145 and the value of
F
it
-0.015 or -1.5 percent. If r had been 0.60 and there were no ducting pressure

OC ACD

would have been about -0.075. The decrease in from

losses, then S 5

Fit Fig
-0.075 to -0.015 at r = 0.60 represents the loss in overall drag reduction
resulting from the introduction of the ducting losses at constant bleed-air
pressure recovery factor.

Examination of figures 26 to 32 indicates that ducting pressure losses
rapidly decrease the effectiveness of the scheme of reducing turbulent skin
Priction by low-energy air injection. This is particularly true at the low
recovery factors where the effectiveness of air injection is greatest. For

T
t.e 1.0, ducting pressure recovery losses Ar of less than 0.1 will negate

T

t,0

all possible favorable effects of reduction in skin friction in the range of r
near 0.5. For r near 0.1, the ducting losses need be less than 0.05 to have
the same adverse effect. Thus, 1t appears that skin-friction reduction by low-
energy air injection will be practical only where ducting requirements will be
minimum, such as on an engine nacelle with the use of engine bleed air and on a
fuselage with spent cabin air. It may even be possible that in some such air-
injection installations, the internal ducting losses suffered in ejecting bleed
or cabin air actually may be reduced and a double dividend obtained.

Further inspection of figures 26 to 32 reveals no significant changes in
trends due to Mach number effects (compare figs. 26, 27, and 28), due to R,

effects (compare figs. 27 and 29), due to changes in air-injection temperature

T
ratio Tt,e (compare figs. 27 and 30), due to slot location (compare figs. 27
t,»
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and 31), or due to reductions in mass-flow ratio me [m, (compare figs. 27

and 32). Another factor to note is that the slot-width to chord ratios w/c
coupled with the expected range of bypass recovery factors (0.25 to 0.50) will
be small, generally less than 0.004. For the lowest recovery factor of 0.0l
the assoclated slot-chord ratios are on the order of 0.01L to 0.02.

Comparison of Theory With Experiment

A limited comparison has been made of the theoretical indications with
some unpublished air-injection results obtained on a semispan wing by means of
force tests at a Mach number of 2 and with some results obtained by momentum
surveys on a flat plate at a Mach number of 3 from reference 9. The force data
appear to confirm the general indications of the theory whereas the results of
the momentum investigation appear to be in disagreement. More experimental
information is needed, however, before a final assessment of agreement of theory
with experiment is justified.

SUMMARY OF RESULTS

An analytical investigation based on a number of simplifying assumptions
has been made of the possibilities of reduction in compressible turbulent skin
friction on a flat plate by means of low-energy air injection through discrete
slots. The analysis i1s based on the combination of the momentum losses in the
boundary-layer and injection-air flows, and employs the Sommer and Short refer-
ence temperature method for estimating boundary-layer skin friction. The results
of the analysils indicate

1. The greatest theoretical reductions in skin friction occurred at the
lowest injection-air pressure recovery factors defined as the fraction of free-
stream dynamic pressure energy still preserved in the injection or engine bleed
air after entrance losses, and thus at the lowest air injection velocities.

2. For the optimum set of conditions considered in the analysis, the maxi-
mum reduction in skin friction at a Mach number of 3 was about 24 percent at a
recovery factor of 0.005. For an anticipated pressure recovery range of 0.25
to 0.50, the calculated reduction in skin friction with the remaining conditions
being held constant was on the order of 10 to 5 percent.

3. In general, increases in free-stream Mach number, increases in free-
stream Reynolds number per foot, internal heating of the bleed air, and movement
of the injection slot downstream from the leading edge led to decreases in the
avallable reductions in skin friction; whereas, internal cooling of the bleed
air, increases in chord length at constant injection mass flow, and increases
in injection-air mass flow resulted in increases in the amount of reduction in
skin friction that is possible.
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#. Pressure losses in injection-air ducting rapidly negated the favorable
effects of air injection.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., August 4, 1964.
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Figure 27.- Effect of duct pressure losses on EF— M, = 3.0; R, = 52.5 x 10°; a}—!— =1.0; == G.20;
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“The aeronautical and space activities of the United States shall be
conducted so as to conivibute . . . to the expansion of human knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”
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